Carbon nanotube (CNT) nanocomposites based on CNT in a polymer matrix typically have low strain to failure in tensile loading. Furthermore, mixing of more than a few percent of CNT with either molten thermoplastics or monomers in bulk often results in agglomeration of CNT. Here, multiwalled CNT (MWCNT) are mixed with nanofibrillated cellulose (NFC) in aqueous suspension and filtered into tough nanopaper structures with up to 17 wt% of MWCNT commingled with NFC nanofibrils. Carbon nanotubes were surface treated with a surfactant, and homogenous suspensions of carbon nanotubes in water miscible with the NFC suspension was obtained. NFC/CNT nanopaper structures were characterized for porosity using mercury displacement, and studied by FE-SEM and AFM. Mechanical properties were tested in uniaxial tension and electrical conductivity was measured. The processing route is environmentally friendly and leads to well-mixed structures. Thin coatings as well as thicker films can be prepared, which show a combination of high electrical conductivity, flexibility in bending and high tensile strength.
Introduction
Nanostructured multiphase materials are interesting since they have potential for dramatically improved materials performance, and can also provide multifunctional characteristics. In order to successfully introduce such materials in large-scale industrial applications, several challenges need to be addressed. Perhaps the most important one is to disperse nanoparticles homogeneously on small scale. Another challenge is that many nanoparticles are quite expensive. Recently, nanofibrillated cellulose (NFC), in the form of cellulose nanofibers disintegrated from wood pulp, has been widely studied [1] [2] [3] . NFC may successfully address both challenges; good nanoparticle dispersion and low cost. Another advantage is that NFC forms nanofiber networks of high mechanical performance [1] .
NFC can be homogeneously dispersed in water, as facilitated by charged groups on the surface of NFC, such as anionic NFC prepared by carboxymethylation [4] or by TEMPO-mediated oxidation (TEMPO stands for 2,2,6,6-tetramethyl-1-piperidinyloxyl, free radical that catalyzes the oxidation of primary alcohol groups of cellulose in aqueous media) [5] [6] [7] or cationic NFC prepared by disintegration of wood pulp that was cationized by glycidyltrimethylammonium chloride [8] . Another dispersion approach is to adsorb a hydrophilic polymer to the individual nanofibers [9] . Each nanofiber is coated and becomes separated from its nanofiber neighbors. This can result in a favorable combination of modulus, strength and toughness in the resulting nanocomposites [10] . The favorable price of wood-based NFC is due to the cost advantage of chemical wood pulp but also due to the recent development of pretreatment methods, which reduce energy requirements for the mechanical disintegration of the NFC from the wood pulp fibers. Pretreatment with enzymes [11, 12] or by above mentioned chemical methods [4] [5] [6] [7] [8] are good examples. NFC can bond wood fibers and is used as a strength enhancement additive in paper and board materials [13] . Addition of NFC can also allow a larger amount of low-cost inorganic fillers in paper and board structures. The reason is that NFC forms strong and tough networks. Strengthening mechanisms are discussed in studies of clay nanopaper materials of very high inorganic content [14] [15] [16] .
Apart from inorganic fillers, functional carbon-based nanoparticles are of interest. Graphene nanosheets particles can be processed as aqueous dispersions, and this development represents major progress [17] . For carbon nanotubes (CNT), the advantage of papermaking approaches has been demonstrated [18] . Challenges to address with CNT nanocomposites include CNT agglomeration and low CNT content limited by the preparation procedure. In the present study we prepare mixed aqueous suspensions of NFC and CNT and proceed to nanopaper preparation by filtration.
In previous work, large and smooth sheets of NFC-montmorrilonite (MTM) clay nanopaper were prepared by a paper-making approach [14] . The content of clay could be as high as 90% by weight. The material demonstrated high modulus, tensile strength and strain to failure despite the high inorganic content [15] . The reason is that NFC forms a continuous matrix phase in the form of a strong and tough nanofibrous network. If chitosan is added so that a twophase matrix is obtained, the processing time is shortened since dewatering is faster. Also, some improvements in mechanical properties are observed through chitosan-NFC synergies [16] . A similar processing route based on filtering and drying of aqueous suspensions will be investigated in the present study.
The development of smart paper technology is of great interest as an application area for NFC. The goal is improved properties and the addition of new functionalities to mechanically functional paper structures of low cost. Electrically conductive paper is of particular interest in electromagnetic interference shielding, electronic circuits, as strain gauges [19] , active matrix displays, high strength cables and substrates [20] and loudspeaker membranes [21] .
There are previous attempts to mix CNT with cellulose. Anderson et al. [20] prepared composite paper based on micro-scale wood pulp and single-walled carbon nanotubes at a content of up to 35% by weight. Prior to that, Fugetsu et al. [22] considered electrical conductivity and reported a percolation concentration of 8.32% by weight multiwall CNT (MWCNT) for MWCNT/wood pulp. Oya and Ogino [23] combined traditional Japanese papermaking process with CNT and prepared electrically conductive paper. The resulting paper structures showed signs of heterogeneity, as is expected when the cellulose fiber phase is tens of microns in diameter and several mm in length.
Bacterial cellulose (BC) combined with CNT has been prepared either by adsorption of the CNT on bacterial cellulose in hydrogel form [19, [24] [25] [26] or by synthesis of BC in a CNT dispersion [27, 28] . NFC from wood pulp offers the advantage of much lower cost than BC and the potential for large scale applications. Composite materials based on regenerated cellulose and CNT have also been prepared [29, 30] . This requires the use of solvents, which are not needed in the present papermaking route.
The objective of the present study is to develop a water based processing route for preparation of commingled NFC/CNT nanopaper structures. A commingled structure means that the NFC and CNT nanofibers are intimately mixed. This requires surface modification of the CNT in order to disperse the CNT in water. The goal is to form a stable NFC/CNT dispersion. Furthermore, the nanostructure of the dried, commingled nanopaper network will be characterized. Mechanical and electrical properties will be studied as a function of composition. The present study is a developed version of a chapter in a licentiate thesis [31] . Recently, Koga et al. [32] published a study on blends between TEMPO-NFC and single wall carbon nanotubes. The present study is more focused on deformation behaviour of this class of materials, in particular the ductility of the porous nanopaper structure.
Experimental section

Materials
A commercial softwood pulp was used as native cellulose fibers. Never-dried sulphite pulp was provided by Nordic Paper. The cellulose content was 86% and the rest was mostly hemicelluloses. The degree of polymerization of cellulose was 1200. TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxyl, free radical, 98%, Aldrich), sodium bromide (99%, Alfa Aesar), sodium hypochlorite (14%, GPR Rectapur, VWR) and sodium hydroxide (98%, Reagent, Sigma-Aldrich) were used without further purification. Multi-walled carbon nanotubes (Elicarb Ò , purity 70-90%) were provided by Thomas Swan and were purified with nitric acid (65%, Scharlau) and hydrochloric acid (37%, ACS, Merck) prior use. Nonylphenol POE-10 phosphate ester (STEPFAC 8170) was provided by Stepfan Company, Northfield, IL, USA.
Preparation of cellulose nanofibrils (NFC)
Cellulose nanofibrils were prepared by TEMPO-mediated oxidation of wood pulp according to method described by Saito et al. [5] . Briefly, the cellulose fibers were suspended in water containing TEMPO and sodium bromide. The TEMPO-mediated oxidation was started by adding the desired amount of the sodium hypochlorite solution and was continued at room temperature while stirring. The pH was kept at 10 by adding sodium hydroxide until no further sodium hydroxide consumption was observed. The TEM-PO-oxidized cellulose was thoroughly washed with water by filtration. After the treatment, approximately 1% TEMPO-oxidized fiber suspension was disintegrated by a homogenization process with a Microfluidizer M-110EH (Microfluidics Ind., USA). Resulting suspension of microfibrillated cellulose (NFC) was stored at 4°C before use.
Purification of multi-walled carbon nanotubes
Multi-walled carbon nanotubes were purified prior to use. It is well known that 3 M nitric acid is very effective at dissolving metal particles. On the other hand 5 M hydrochloric acid is suitable to dissolve metal oxide [33] . Therefore, the crude material was stirred in 3 M nitric acid and refluxed for 12 h at 60°C. After that, MWCNT were suspended and refluxed in 5 M hydrochloric acid solution for 6 h at 120°C [24] .
Preparation of multi-walled carbon nanotubes suspension
Purified MWCNT were dispersed in water using acid phosphate ester of ethoxilated nonylphenol. Typically, 2% solution of surfactant (20 mg/mL) was used and the concentration of MWCNT was 5 mg/mL. After sonication with Ultrasonic processor (Sonisc Vibracell, VCX 750, Sonic&Materials, USA) equipped with 13 mm tip at 30% of the maximum power, stable suspension without any agglomerates was obtained.
Nanopaper preparation
Suspension of NFC was diluted to approximately 0.1 wt% and dispersed using shear forces (Ultra Turrax T18 basic, IKA Werke GmbH & Co. KG, Germany) for 5 min at 13,500 rpm. MWCNT suspension was added drop wise until desired MWCNT content (0.5-16.7 wt%) was obtained. Suspension was sonicated and stirred with magnetic stirrer overnight in order to obtain homogenous distribution of MWCNT in the cellulose nanofibrils network. After that, water was removed by filtration on a glass filter funnel (7.2 cm in diameter) using filter membrane (0.22 lm GV, Milipore, USA). Obtained wet cake was dried at 93°C and vacuum for 10-20 min in sheet former (Rapid Kothen, RK3A-KWT PTI, Germany). Control samples containing only NFC (0% control) and NFC/4.8 wt% surfactant (4.8% control) were prepared using the same procedure. Resulting nanopaper sheets had 7 cm diameter and thickness 25 and 50 lm.
Characterization
Morphology of the nanopaper was observed using field emission scanning electron microscopy (FE-SEM). The specimen were fixed on a metal stub using colloidal graphite and coated with thin layer of gold-palladium coating using Cressington 208HR sputter coater. Hitachi S-4800 scanning electron microscopy operated at low acceleration voltage (1-1.5 kV) and short working distance was used to capture secondary electron images of the surface of the specimen.
Atomic force microscopy (AFM) was used to study detailed nanostructure of the material. The surfaces of the specimens were imaged with tapping-mode AFM (Multimode IIIa, Veeco Instruments, Santa Barbara, CA). Topographic (height) and phase images were recorded under controlled air conditions (23°C and 50% relative humidity). RTESP silica cantilevers (Veeco, tip radius 8 nm and typical spring constant 40 N/m -values provided by manufacturer) were oscillated close to resonance frequency. The scan size was 1 lm 2 . No further image processing except flattening was made.
Mechanical properties of the nanopaper were investigated using tensile test. Specimens of 40 mm length, 25 lm thickness and 5 mm width were tested using Universal Material Testing Machine Instron 5566 equipped with 100 N load cell. A cross-head speed of 4 mm/min which corresponds to an initial strain rate of 10%/min was used and the stress-strain curves were recorded.
The experiment was performed under controlled air conditions of 23°C and 50% relative humidity. Specimens were equilibrated under the same conditions for 2 days. The results are based on data collected from 7 specimens and the standard deviations were calculated. Density of the nanopapers was determined using mercury displacement method [34] . The samples were weighed both in the air (m Sample(air) ) and when submerged in mercury (m Sample(Hg) ). The density of the samples (q Sample ) was calculated from (1) and the porosity (P) was calculated using Eq. (2), assuming the density of cellulose to be 1500 kg/m 3 and density of carbon nanotubes to be 2100 kg/m 3 [35] . Weight fractions of cellulose and MWCNT are represented by w cell and w MWCNT . 17 X can be measured.
Results and discussion
Structural characterization
In order to prepare commingled NFC/CNT nanopaper structures from aqueous solution, it is critical to have CNT stably dispersed in the NFC water suspension. A surfactant, nonylphenol polyoxyethylene (10) phosphate ester (abbreviated as NPPE), was used to modify the hydrophobic CNTs. Previous work by Heux and colleagues has shown that this surfactant can be used to coat the surface of cellulose whiskers and effectively aid their dispersion in organic solvents and poly(propylene) [36] [37] [38] . This surfactant can also improve the dispersion of cellulose whiskers in polylactic acid (PLA) [39] . As shown in Fig. 1a , unmodified MWCNT agglomerated and precipitated immediately after dispersion in water. In contrast, Fig. 1b demonstrates a homogenous and stable suspension of MWCNT (5 mg/mL) in water. It was obtained simply by addition of MWCNT into 20 mg/mL NPPE water solution followed by sonication for 10 min. NFC was prepared with a carboxylate content of 1.5 mmol/g. The carboxylate functionality contributes to NFC dispersion and suspension stability. However, without addition of NPPE, MWCNT precipitated out of the NFC water suspension (Fig. 1c) . In contrast, a stable dispersion of MWCNT in NFC water suspension (Fig. 1d) was achieved by using MWCNT modified with NPPE. The reason is the strong repulsive dispersion force between the carboxylic group on the surface of NFC and the phosphate group on NPPE modified MWCNT. The NFC/MWCNT suspension was stable and formed no visible agglomerates during storage at room temperature for more than 6 months. NFC/CNT nanopaper structures with MWCNT content in the range of 0.5-16.7 wt% were prepared from the aqueous suspension mixtures of NPPE modified MWCNT and NFC [14] . Such technique enables thorough mixing of the suspension prior filtration. This is a considerable advantage compared to previous studies of CNTs mixed with bacterial cellulose pellicles [19, 24] , where the structure cannot be well controlled. FE-SEM micrographs and AFM phase images of nanopaper structures are presented in Fig. 3 (AFM) . Pure NFC nanopaper showed a random-in-plane weblike network structure of cellulose nanofibrils of uniform width (Figs. 2a and 3a) . The NPPE modified MWCNT were well individualized in water and a fibrous network was obtained after drying (Figs. 2b and 3b) . The width of MWCNT was estimated to be 3-4 times higher than the NFC nanofibrils ( Fig. 2a and b) . The lengths of both NFC and MWCNT are possibly several micrometers and nanofibril ends are not apparent. The typical top (Figs. 2c and 3c ) and bottom surfaces (Figs. 2d and  3d ) of the NFC/CNT nanopaper with 9.1 wt% MWCNT indicated homogenous incorporation of MWCNT in the cellulose nanofibril network. The organization of both cellulose nanofibrils and MWCNT is random-in-the-plane of swirled fibrils.
The FE-SEM images of the NFC/CNT nanopaper samples containing different amounts of MWCNT are compared in Fig. 4 . MWCNT are individually dispersed in the NFC network with or without very few contacts between each other in the sample with 2.0 wt% MWCNT (Fig. 4a) . The number of contacts between the MWNCTs increased at 5.7 wt% MWCNT loading (Fig. 4b) , while a continuous MWCNT network is formed at 9.1 wt% MWCNT (Fig. 4c) . However, at 16.7 wt% MWCNT loading, agglomerates of MWCNT are observed (Fig. 4d) .
These structural observations show homogeneous nanopaper structures based on NFC and CNT prepared from mixed water suspensions using NPPE surfactant. We are aware of the need to reduce the use of NPPE surfactant due to its possible negative effect on living organisms [40, 41] . Testing of other surfactants with similar hydrophilic-lipophilic balance as NPPE is in progress.
Mechanical properties
The stress-strain behaviour in uniaxial tension of the NFC/CNT samples is presented in Fig. 5 . Associated property data and the standard deviations are in Table 1 . At low strains (<1%) the stress-strain behaviour is linear elastic. At a stress in the region of 90-120 MPa, there is a knee in the curve (apparent yield stress r 0.2 ) followed by a linear and fairly strongly strain-hardening plastic region [42] . The slope of the linear elastic region of the curves corresponds to the Young's modulus, which is 9.26 GPa despite an estimated porosity of 40%. It is well known that the porosity has significant effect on the mechanical properties of cellulose nanopaper. It was suggested that the porosity of the nanopaper increases with introduction of surface charge on the cellulose nanofibrils [43] . Nanopaper prepared from nanofribrils isolated using mild enzymatic treatment having almost no surface charge exhibit porosity in the range of 20-28% [42] , whereas nanopapers prepared from surface quaternized nanofibrils show increased porosities (37-48%) dependent on the surface charge (0.59-2.31 mmol/g) respectively [43] .
There is slight decrease in the Young's modulus with increasing concentration of MWCNT. The same behaviour is observed for the tensile strength of the material. There was a significant decrease in the strain to failure at very low MWCNT loading (0.5-1 wt%). However, at MWCNT loading higher than 2 wt%, the strain to failure increases back to its original value and does not change significantly. At 7.4 wt% CNT, the strength is 210 MPa and strain to failure 7.2%. These high values are due to the strength of the NFC network itself but are still remarkably high considering the high porosity. No positive contribution from the CNT is observed in Table 1 , since the interaction with NFC is weak or non-existing.
The strain at which the yield phenomenon occurs decreases with increasing MWCNT content. It was suggested [42] that yielding is associated with onset of irreversible interfibril debonding and NFC slippage facilitated by voids. Pores could also explain the slight decrease in strength of the composites with increasing MWCNT content, since the porosity of the nanopaper increases with increasing MWCNT concentration (Table 1) as well. Increased porosity with increased MWCNT content must be related to reduced capillary effects between NFC fibrils during drying. NFC fibrils interact less during drying due to the presence of MWCNT, and the porosity becomes higher. However, it should be emphasized that nanopaper maintains mechanical properties fairly well up to 9.1 wt% of MWCNT. The material keeps its flexibility and toughness and in comparison withplastics, glass, ceramics and metals it is lightweight and can be easily folded. The lack of positive contribution of MWCNT to NFC properties must be related to poor stress-transfer due to weak molecular interactions between the two constituents. In the study by Koga et al. [32] , the strength values are higher than in the present study. It is not straightforward to compare those with the present data since Koga et al. tested very thin films of materials likely to show thickness-dependent strength. Most likely, the porosity of the present materials promotes the favorable performance observed in terms of yielding, ductility and toughness (work to fracture).
Electrical conductivity
The electrical conductivity (resistivity) of a composite is strongly dependent on the volume fraction of the conductive phase. Fig. 6a shows the static values of the DC conductivity of NFC/CNT nanopapers with different amounts of MWCNT at two different sample thicknesses (25 and 50 lm). At low volume fractions and low connectivity, the conductivity remains very close to the conductivity of the matrix, in this case neat NFC nanopaper. The percolation composition (p c ) clearly occurs between 6 and 9 wt%. At this composition, the conductivity changes significantly (over more than 4 decades). In other words, below this concentration the composites are very resistant to electrical flow, whereas above this value the composites are conductive. Depending on the matrix, the processing technique and the CNT type used, percolation thresholds ranging from 0.001 wt% to more than 10 wt% have been reported [44] . Similar percolation thresholds were observed previously for the conductive paper prepared from SWCNT and bleached hardwood kraft pulp fiber [20] .
Dependence of DC conductivity (r DC ) on filler content (p) near the percolation threshold p c can be described by power law r DC (p) % (p À p c ) t above the percolation threshold (p > p c ). In order to get an estimate for p c and the critical exponent t; we fitted the r DC data for p > p c . This was done by variation of p c in the interval from 6 to 8 in steps of 0.5. For each value of p c the value of t has been determined from the slope of the linear relation of r DC and p-p c on a log-log scale. The lowest value of the root mean square error was found for p c = 7 with the exponent t = 1.5 (Fig. 6b) .
The value t = 1.5 calculated here for the MWCNT composites is in good agreement with the theoretical value of t % 2 for a percolation network in three dimensions [45] [46] [47] [48] [49] . This, however, does not exclude the existence of aggregates or bundles of CNT.
Conclusions
A simple and environmentally friendly method has been developed for preparation of lightweight and electrically conductive nanopaper structures. The strength and toughness of cellulose nanofibril networks is combined with the electrical conductivity of carbon nanotube networks in commingled nanopaper structures. NFC cellulose nanofibrils were mixed with NPPE surfactant modified MWCNT to form a stable aqueous suspension. A paper-making approach was used to form the commingled nanopaper structures without the use of organic solvents or other chemical modification. For the present hydrocolloidal mixtures, the purpose of CNT surface treatment is not only to provide CNT dispersion in water. The purpose is also to ensure a homogeneous NFC/CNT suspension mixture. The surfactant thus also acts as a compatibilizer in the colloidal state.
Most existing preparation methods for CNT nanocomposites allow only low volume fractions of CNT. The present approach resulted in a nonwoven nanopaper structure with 9.1 wt% of CNT. The tensile strength for this composition was 183 MPa and the strain to failure 6%, due to the load-bearing function of the NFC network. The electrical conductivity of this NFC/CNT nanopaper composition increased 4 orders of magnitude compared with neat NFC nanopaper, since a continuous percolated MWCNT phase was formed. Most likely, the surfactant had a negative effect on the percolation threshold concentration of CNT by possible formation of insulating layer around the CNT [50] . The porous NFC/CNT nanopaper structure is mechanically favorable in that it allows a combination of high strength and toughness in tension, combined with high flexibility in bending. The flexibility is a consequence of nanopaper porosity (40-55%) combined with the fine dimensions and high strengths of NFC and CNT (can be bent to small radius of curvature without fracture). The present papermaking concept for CNT materials provides green water-based processing, and potential upscaling to industrial processing of large material volumes with high CNT content. This provides potential for high electrical conductivity at preserved mechanical performance. The material can be cast as thin coatings, as thicker free-standing films or as moulded structures of complex geometrical shape. 
